One contribution of 19 to a theme issue 'Linking behaviour to dynamics of populations and communities: application of novel approaches in behavioural ecology to conservation'. One of the most important challenges in conservation biology is to predict the viability of populations of vulnerable and threatened species. This requires that the demographic stochasticity strongly affecting the ecological and evolutionary dynamics of especially small populations is correctly estimated and modelled. Here, we summarize theoretical evidence showing that the demographic variance in population dynamics is a key parameter determining the probability of extinction and also is directly linked to the magnitude of the genetic drift in the population. The demographic variance is dependent on the mating system, being larger in a polygynous than in monogamous populations. Understanding factors affecting intersexual differences in mating success is therefore essential in explaining variation in the demographic variance. We hypothesize that the strength of sexual selection, for example, quantified by the Bateman gradient, may be a useful predictor of the magnitude of the demographic stochasticity and hence the genetic drift in the population. We provide results from a field study of moose that support this claim. Thus, including central principles from behavioural ecology may increase the reliability of population viability analyses through an improvement of our understanding of factors affecting stochastic influences on population dynamics and evolutionary processes.
Introduction
The foundation of behavioural ecology was based on a series of papers appearing in the 1960s and 1970s using simple optimality models to derive predictions about how the fitness of an individual could be increased by behaving in certain ways [1, 2] . An important aspect of these models was the inclusion of some costs and benefits of behavioural actions that should influence their evolution. In their highly influential treatise of behavioural ecology, Krebs & Davies [3] included chapters on optimal foraging, sexual selection and the evolution of mating systems, which still are important areas of this field of research [4] . Thus, especially in the early stages, behavioural ecology had a strong focus on the function of behaviours.
Behavioural ecology was heavily influenced by evolutionary thinking, yet links to theories for analyses of evolution as a process at its early stage were almost completely lacking [5] . However, this soon was improved by important theoretical contributions that included central concepts in the first edition of Krebs & Davies [3] into the theoretical foundation for evolutionary biology. For example, this includes development of theories for sexual selection [6] , evolution of sociality [7] and variation in life histories [8] . An important contribution of behavioural ecology that expanded evolutionary biology was its focus on the differences between individuals. This was facilitated by the introduction of the concept of evolutionary stable strategy (ESS) [9, 10] , i.e. a strategy that cannot be invaded by the spread of a rare alternative strategy, which was instrumental in analyses of decisions in which the pay-offs are frequency-dependent. An important general outcome of many of the analyses is that no single strategy is an ESS, meaning that among-individual variation in behaviour is the rule rather than the exception [11] . A central contribution by behavioural ecology was to show that these amongindividual differences often could be related to phenotypic characteristics, which in turn affected reproduction or survival. Behavioural variation can therefore explain important aspects of among-individual differences in fitness, which in turn influence the population growth and the rate of evolution of adaptive changes to fluctuations in the environment.
Although behavioural ecology generally focuses on differences among individuals, this variation generally is considered as a function of phenotypic or genetic characteristics of the individual without explicit consideration of the mechanisms involved. This is in contrast with what is the case in ecology in which there is stronger focus on the processes (e.g. density dependence and fluctuations in environmental conditions) generating the recorded variation. In particular, we suggest that including stochastic effects in the definition of fitness would improve our understanding of how phenotypic-dependent behavioural variation will affect short-term (ecological) and long-term (evolutionary) changes in population characteristics. We argue that the effects of among-individual variation can be partitioned into demographic stochasticity, which is random variation in individual fitness among individuals with similar phenotypes, and environmental-induced variation in fitness, which represents how the mean fitness of individuals of a given phenotype depends on temporal variation in environmental conditions or population size (figure 1). In fact, many empirical studies even of species assumed to be subject to strong sexual selection have failed to identify phenotypic correlates of variation among males in mating success (e.g. [12] ). Hence, we propose that including such stochastic effects will improve our ability to examine the short-and long-term influences of behavioural variation on ecological and evolutionary processes [13] .
Such knowledge is of essential importance for analyses of the viability of populations, which was the foundation for establishing conservation biology as a scientific discipline. Caughley [14] advocated that two different main approaches ( paradigms) could be identified in population viability analyses: the small population paradigm focusing mainly on the effects of stochastic processes and genetic changes caused by loss of heterozygosity and inbreeding occurring at low numbers, whereas the declining population paradigm focused more on processes reducing the growth rate of the populations. This dichotomy is based on the assumption that stochastic effects mainly reduce the long-run growth rate only of small populations [15] . Understanding the factors affecting the magnitude of among-individual variation in reproductive success and survival are therefore crucial for developing projections of the growth of populations and for a reliable classification of the risk of extinction of vulnerable or endangered species [16] .
In this paper, we will especially focus on how sexual selection may affect demographic stochasticity, which is measured by the demographic variance [17, 18] , to illustrate the importance of including concepts and approaches commonly applied in behavioural ecology to improve our understanding of the dynamics, especially of small populations. Firstly, we will show that demographic variance s 2 d strongly affects the probability of local extinction of small populations. Secondly, because of the direct relationship between demographic stochasticity and genetic drift [19] , s 2 d also affects the genetic dynamics and the potential for evolutionary rescue [20] from changes in the environment. Thirdly, we will focus on the influence of the structure of the mating system on s 2 d , highlighting the need for including information about intersexual differences in mating success in population viability analyses. Fourthly, as a practical illustration, we will show that assessments of the effects of harvesting on the social structure and hence on the demographic stochasticity are important to include when developing sustainable harvest strategies of moose Alces alces populations. Our aim is to show, based on recently developed theory and a selection of individual-based demographic studies, that including central principles from behavioural ecology can improve the reliability of population viability analyses because this increases our understanding of the processes affecting the stochastic influences on population dynamics. royalsocietypublishing.org/journal/rstb Phil. Trans. R. Soc. B 374: 20190013 contribution to give the population size at the next time step is
where the d i ¼ C i 2 E(C) are stochastic variables with a mean of zero. Assuming that the contributions within a season vary independently among females, we find
When there are no time lags in the population dynamics, the distribution of the population growth rate l ¼ (N þ DN)/N then depends on N only. The mean population contribution equals the expected value of l, say l. The variance of l, conditioned on N, is
and the growth rate r ¼ ln l is called the deterministic population growth rate. Thus, the variance in l due to demographic stochasticity is inversely related to population size (see [21] ).
Another important source of stochastic variation in population dynamics is environmental stochasticity, which is random variation affecting the whole population or group of individuals in a similar way. To assess the effects of environmental stochasticity, we add an environmental effect (e) to the contribution of a female to the next time step C, an effect which is equal for all females in a single year, but varies stochastically among years. According to Engen et al. [18] , we get the decomposition 
where s 2 d ¼ varðd i Þ is the demographic variance and s 2 e ¼ varðeÞ the environmental variance. This enables us to partition the conditional variance in the stochastic population growth rate into the stochastic components
, where X (t) ¼ lnN(t) and r(t) ¼ ln(l(t)). The growth rate during a period of time t, X (t) 2 X ((0))/t has mean s ¼ ErðtÞ, which is called the stochastic or the long-run population growth rate [17] , and variance varðsÞ=t ¼ s 
respectively. When l % 1, the stochastic components produce a reduction in the stochastic growth rate [21] s % ln r À s Thus, in contrast with demographic stochasticity, the influence of environmental stochasticity on the stochastic population growth rate s is independent of population size N [22] . Furthermore, this exercise also shows that to obtain a proper understanding of the risk of extinction, stochastic effects must be modelled and estimated in addition to the deterministic components determining l. When s , 0 , the population will go extinct. This can occur even if the deterministic population growth rate is positive ð r . 0Þ due to the stochastic effects on the growth rate. Unfortunately, if demographic and environmental stochasticity are present, no analytic expression for the time to extinction is known. Thus, we have to compute the quasi-stationary distribution of the time to extinction numerically or by stochastic simulations. In general, the time to extinction is strongly influenced by s 2 d [17] because demographic stochasticity operates more strongly at small population sizes (equations (2.1) -(2.3)), affecting the rate of decrease in population size dramatically. Thus, reliable predictions of time to extinction cannot be derived without knowledge of s To examine the effects of demographic stochasticity on the probability of extinction of a population small enough for density dependence to be ignored, we assume that the dynamics can be approximated by a diffusion with infinitesimal mean and variance rN and s
respectively [17] . Then, for an initial population size at N 0 , the probability of ultimate extinction at N ¼ 1 can be found from the general formula for the first passage time to 1 (or infinite) given by Karlin & Taylor [23] royalsocietypublishing.org/journal/rstb Phil. Trans. R. Soc. B 374: 20190013 population size and the deterministic growth rate constant, the probability of ultimate extinction shows a strong increase with increasing s 2 d (figure 2b). In a seminal paper, Lande [21] was able to analyse the relative contribution of s 2 d and s 2 e to the decline of small populations by applying a scale transformation that keeps the infinitesimal variance constant. These analyses show that demographic stochasticity may create an unstable equilibrium. At population sizes smaller than this equilibrium, the population is likely to decline to extinction. This effect of demographic stochasticity closely resembles the operation of a traditional non-stochastic Allee effect [24, 25] .
These insights gained from analyses of stochastic population models clearly demonstrate that precision in predictions of future trajectories of small populations relies heavily on unbiased estimates of s 2 d . Unfortunately, this can only be estimated from individual-based demographic data (figure 1), which are available only from a taxonomically limited set of species, mainly birds and mammals. So far, empirical estimates indicate that in this group of species, the variation in the estimates ranges from 0.01 in slow species (long life expectancy and small litter sizes) up to 0.9 in fast (large reproductive rates, but poor survival) species [17, 26, 27] .
Sexual selection, mating system and demographic variance
So far, we have only considered the female part of the population. However, in a species with two sexes, the demographic variance is strongly influenced by adult sex ratios and the mating system. In a polygynous mating system, assuming that all females will be mated, Engen et al. [28] showed that the total demographic variance including both sexes s 2 dt can be split into three components due to a binomial distribution of male survival s where q is the probability of being a female at birth. In a strictly monogamous system where the number of mated females is constrained by the number of males or females in the population, demographic stochasticity is smaller in a monogamous than in a polygynous mating system [29] . However, the relative difference between the mating systems in the magnitude of the demographic stochasticity is dependent on life history, decreasing with increasing adult survival. This indicates a close association between sexual selection characterized by among-individual variation in male mating success [30] and demographic variance. These theoretical results also imply that changes in mating patterns occurring at small population sizes (e.g. [31] ) may strongly affect the components of demographic variance and hence the probability of extinction. Empirical estimates of the sex-specific contribution to s 2 dt are available for a few bird species (figure 3). In monogamous species such as the house sparrow Passer domesticus [32] , redbilled chough Pyrrhocorax pyrrhocorax [34] and Siberian jay Perisoreus infaustus [33] , the sex-specific contributions of males and females to s 2 dt were almost equal. By contrast, in great reed warblers Acrocrephalus arundinaceus, which has a facultative polygynous mating system, males contributed less than females to s 2 dt [29] . In addition, the component caused by stochastic fluctuations in sex ratio s 2 sex was about five times higher for the polygynous mating system than for the monogamous system, resulting in s 2 dt assuming monogamous mating being about half of the value assuming polygynous mating. As a consequence, time to extinction was shorter for a polygynous than for a monogamous mating system [29] .
Effective population size and demographic variance
One of the key issues in the management of endangered species is to maintain sufficient genetic variation to facilitate evolution of adaptations to a changing environment [36] . In small populations, the amount of genetic variation is affected by genetic drift, which is the change in the frequency of neutral genes due to randomness in the transmission of genes from one generation to the next and is fundamental for understanding evolutionary dynamics at the genetic and phenotypic level [37, 38] . A central concept is effective population size, which was defined by Wright [39] as the size of an ideal one-sex population of constant size, non-overlapping generations and selection of genes to the next generations by simple binomial sampling producing the same genetic drift as the actual population. In conservation biology, estimating the effective population size N e is important because it determines temporal changes in gene frequencies, reduction in heterozygosity and loss of alleles. Often effective population sizes are far less than the actual population size [36, 40, 41] , strongly affected by social structure and mating system at small population sizes [31] . Demographic stochasticity provides a direct link between ecological and genetic dynamics because Engen et al. [19] showed that the effective size of a diploid population with two sexes is The ratio of the effective population size to the censused population size (N e /N ) estimated for seven bird populations (house sparrows (five populations) [32] , Siberian jay [33] and red-billed choughs [34] ) and one mammal population (moose at Vega [35] in which the estimates of N e were based on individual-based demographic data, facilitating the estimates of demographic variance.
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where s 2 dg is a demographic variance affected by among-individual variation in survival and reproduction as well as the binomial sampling of alleles from parents to offspring, and T is the generation time. This simple result, which also applies to age-structured populations [19] , has two important implications. Firstly, environmental stochasticity has no effect on the genetic drift for a given population size. It only affects the genetic drift over longer time intervals through its influence on fluctuations in N [19] . Secondly, the genetic drift occurring during one year is determined by this demographic variance alone, assuming that generation time is constant. This illustrates that behavioural variation through its influence on s 2 dt not only affects the population fluctuations but also the evolutionary dynamics.
An important focus in conservation biology is to reduce genetic drift, which can be quantified as the ratio N e /N. In general, it is assumed that this ratio is about 0.5. However, estimates based on estimates of s 2 dg using demographic data in birds have shown large variation ranges from 0.20 in an island house sparrow population in northern Norway to 0.69 in the Siberian jay ( figure 3 ). This strongly indicates that the demographic characteristics should be included when assessing the magnitude of genetic drift in populations of threatened or vulnerable species.
Sexual selection and the demography of a small island moose population
Moose is a sexually dimorphic species that is subject to intense harvesting in most parts of Scandinavia [42] . To examine the ecological and evolutionary consequences of harvest, we established a long-term population study of the moose on the island of Vega in northern Norway. In 1985, three moose colonized the island and the population soon started to grow rapidly [43] . Since 1992, almost all individuals have been radio-collared and the pedigree constructed using genetic parentage assignment [44] . The environmental conditions for moose on the island are favourable, resulting in large body masses [45] and high population growth rates [43] . The age and sex composition of the population have in periods been altered through directional harvest of particular categories of animals [46, 47] . Based on a 28-year-long pedigree for the population [48] , Markussen et al. [44] analysed the variation in mating success of 135 males that survived the first year and hence could be potential fathers. These analyses revealed large individual variation among males in the number of females conceived. Some of this variation in male mating success could be explained by an increase with relative antler size in the number of matings obtained and hence in the number of calves sired [44] , generating a large opportunity for sexual selection. Accordingly, the variance in reproductive success of prime aged males was the most important contributor to s 2 dg [35] . The strong sexual selection in this population was also associated with a small ratio N e /N (0.37, figure 3) .
These results have important implications. Over larger parts of Scandinavia, the harvest quotas of moose have been directed towards younger age classes and bulls [42] , resulting in large changes in age composition and social structure. This involved a skew in age distributions towards younger males and older females [49] as well as a decreased proportion of males [50] . As a consequence, the results obtained from the population on the island of Vega imply that these alterations have strongly affected the demographic variance and hence the genetic drift in many Scandinavian moose populations [51] . Such changes of the social structure have important implications for the demography and evolutionary dynamics in harvested moose populations [52] .
Discussion
Demographic stochasticity is of great importance for the ecological dynamics of especially small populations [21] and should therefore be a central concept underpinning the theoretical foundation of conservation biology. Although lifehistory characteristics strongly influence the effects of demographic stochasticity on population dynamics [26, 27] , an important challenge still is to derive general predictions of how social organization affects variation in the total demographic variance within and among species (equation (3.1)) .
The results summarized in the present paper indicate that differences in mating success provide an important contribution to variation among males in fitness and hence strongly affects s 2 dt with important ecological and evolutionary implications ( [28] ; equation (4.1)). This provides a direct link between one of the most central concepts in behavioural ecology, sexual selection and the evolution of mating system, and conservation biology. A key concept in quantifying sexual selection is the Bateman gradient, which describes the relationship between variation in individual fitness and mating success [53, 54] . An important characteristic of this relationship is that it indicates costs of mating [55, 56] . For example, a dome-shaped relationship between mating success and number of offspring produced shows that obtaining a high number of matings comes at a cost in terms of reduced reproductive success [57] and, hence affecting inter-male variation in fitness. However, there are many problems involved in measurement and interpretation of Bateman gradients, especially those estimated in natural populations, e.g. in accounting for chance effects [58] , failure to detect mated females that produce zero offspring [59] , problems in identifying extra-pair copulations [60, 61] and statistical challenges in obtaining unbiased variance estimates [59, 62] . Still, identifying factors affecting variation in male mating success, which is determined by a combination of sex-specific differences in mate choice and intrasexual competition [63, 64] , should enable development of predictions for how demographic stochasticity that includes variation in fitness among individuals of both sexes (equation (3.1)) should depend on social structure. The harvest-induced changes in age distribution of the moose population on the island of Vega [52] -especially affecting the proportion of young animals, which influenced individual variation in reproductive success among males and hence the demographic stochasticity [44] -illustrate the practical importance of such knowledge.
The demographic approaches to estimate effective population sizes pioneered by Hill [65, 66] and Felsenstein [67] have shown that the ratio N e /N may be far less than 1 [36] , indicating that the genetic drift may be much larger than expected from the census population size, dependent on social organization [68] . Our analyses including the effects of demographic stochasticy support this conclusion (figure 3) but also reveal large variation among species as well as among populations within species. The association royalsocietypublishing.org/journal/rstb Phil. Trans. R. Soc. B 374: 20190013 between life history and number of breeders per year or breeding cycle in an iteroparous species derived by Waples et al. [69] suggests that a large proportion of the interspecific variation in N e /N is explained by some life-history characteristics such as age of maturity and adult lifespan, which corresponds well with the reduction in demographic stochasticity towards the slow end of the slow-fast continuum of life-history variation [26, 27] . As the strength of sexual selection is likely to depend on demography [70, 71] and social structure [72] [73] [74] , this suggests that including rough estimates of s 2 dm and s 2 df into simple models capturing essential life-history features may provide useful information of N e /N even in species for which detailed demographic data are not available.
A central focus in behavioural ecology has been to link differences among species in behaviour with ecological variables. An important approach pioneered by Crooks [75, 76] was to relate the distribution of food resources and predation pressure to differences in social structure and mating system. The presence of such links would indicate that variation in the degree of sexual selection and social organization and hence the influence of demographic stochasticity can be related to variation in ecological factors. Although later studies using more modern comparative methods have shown that such links may be difficult to establish [30, 77] , behavioural ecologists now use molecular genetic methods that enable more precise description of among-individual variation, especially in studies of male mating success, that provide a new foundation for analyses of variation in social organization with ecological factors [4] . Accordingly, Legendre et al. [78] suggested that mating system, through its influence on demographic stochasticity, should strongly influence the extinction risk of introduced birds in New Zealand. Thus, the effects of among-individual variation in behaviour on demographic stochasticity can provide a formal link between behavioural ecology and conservation biology, which so far has been difficult to establish [79] .
In this paper, we have considered the influence of variation in mating system and social organization on demographic stochasticity. Although this represents only a small part of behavioural ecology [4] , this still provides an important link between behavioural ecology and long-term viability of small populations. We have not considered how variation in other aspects of behaviour may affect the population growth rate r, which strongly affects the long-run growth rate of small populations (equation (2.3) ). Here, behavioural ecology also can play an important role in explaining both temporal and spatial variation because of its focus on individual decisions in where to breed and forage. For example, assuming that the fitness of an individual decreases with the number of individuals in the habitat, the ideal free distribution [80] predicts that at low densities, only the best patches will be occupied. By contrast, at high densities, low-quality patches will also be occupied because the average fitness of the individuals occupying those will be similar to the individuals in the high-quality patches. As a consequence, the mean individual fitness will decrease with increasing population size and reduce r, as illustrated by the fitness functions for the 2 years depicted in figure 1 . By contrast, according to ideal despotic distribution [81] , the order in which individuals occupy the patches is important because the individual fitness of the best territories will be higher due to territorial defence or through dominance effects. This means that the pattern of habitat selection will determine r and potentially also the form of the density regulation [82] , which in turn influence the effects of loss and destruction of critical habitat types [83] [84] [85] [86] . The expected insights gained from such theoretical exercises are likely to improve our understanding of how specific changes in structures of landscapes will affect the viability of a species in a much more precise way than is the case today.
Concluding remarks
In quantitative genetics, Lande [87] introduced the population growth rate taken across the distribution of phenotypes as an evolutionary maximization criteria, which provided a critical link between demography and selection that later was extended to also include stochastic effects [88, 89] . Basically, this corresponds to similar results in behavioural ecology [90] . This means that there now exists a common theoretical framework which embeds both ecology and evolution and which can provide a mechanistic foundation for understanding how populations will respond to changes in the environment. Such knowledge can improve the ability of conservation biologists to produce reliable predictions, which represents the cornerstone of population viability analyses. In this paper, we highlight that understanding the mechanisms affecting the degree of intersexual variation in mating success can be important for obtaining reliable estimates of the demographic variance, which strongly affects the viability of especially small populations (figure 2). Although we here focus on the stochastic components of the long-run population growth rate (equation (2.3) ), behavioural ecology can potentially also provide important information about variation in the deterministic growth rate r, which can be strongly affected by social organization [84] .
An important step ahead based on this theoretical platform will be experimentally to impose changes to systems and examine the effects of those on individual behaviour, social organization and mating system [91] . This should include approaches to estimate how critical parameters influence short-term dynamics and the potential for how more long-term evolutionary changes are affected. Using the long-run growth rate as a unified measure of fitness [89] that embeds both short-term population dynamics and phenotypic evolution should provide a common foundation for performing such analyses of the consequences of changes in behaviour on the persistence of populations. The manipulations of the moose population on the island of Vega provide one such example. Others should follow.
